establishment of embryonic polarity in C. elegans has not been described. Conclusions: Our genetic analysis of the regulatory relationships between cdc-42 and the par genes demonstrates that Cdc42 organizes embryonic polarity by controlling the localization and activity of the PAR proteins. Combined with the recent biochemical analysis of their mammalian homologs, these results simultaneously identify both a regulator of the PAR proteins, activated Cdc42, and effectors for Cdc42, the PAR complex.
Background
dependent cell transformation and changes in cell polarity [7] [8] [9] . The polarity of the C. elegans A-P axis is established in the zygote during a time of dramatic cytoplasmic and Cdc42 is a highly conserved regulator of the actin cytoskelcortical reorganization, in which RNAs and proteins are eton. Analysis of altered forms of Cdc42, coupled with first asymmetrically partitioned and then segregated by an drug and toxin studies, show that Cdc42 is required to unequal cleavage that produces two distinct and differentorganize actin structures in yeast as well as in polarized sized cells ( Figure 1 ) [1] . Mutations in the par (partiDrosophila and mammalian cells [10] . Previously, the C. tioning-defective) genes disrupt the cytoplasmic and corelegans Cdc42 homolog (cdc-42), which is 85% identical to tical reorganization, resulting in an equal cleavage that human and 76% identical to yeast Cdc42, was shown to produces two similar blastomeres. Concomitant with the localize to epidermal cell boundaries in elongating emreorganization in the zygote, several of the PAR proteins bryos [11, 12] . A comparative RNAi analysis of the requirebecome asymmetrically localized to distinct cortical doment of Rho-like GTPases in cytokinesis in the early mains, suggesting that they may both participate in and embryo has shown that among these homologs, only cdcbe acted upon during polarization.
42(RNAi) causes polarity phenotypes [13] . To investigate interactions between the par genes and Cdc42 in the Genetic analysis indicates that PAR protein localization early C. elegans embryo, we have used RNA-mediated is dependent on par function [2] . The anterior localization interference (RNAi) [14] to disrupt the function of this of PAR-3 and the posterior localization of PAR-2 are mutuhighly conserved Rho-GTPase in wild-type and par mually dependent in the zygote and in germ lineage cells tant embryos. (Figure 1 ) [3, 4, 5] . Furthermore, the cortical localization of PAR-3 is dependent on the function of both Results and PKC-3, which colocalize with PAR-3. Recent analysis cdc-42(RNAi) disrupts events associated with the of mammalian homologs of these three proteins indicates establishment and elaboration of embryonic polarity that they can form a complex that functions to coordinate in the zygote and early embryo polarizing signals [6] [7] [8] [9] . Additionally, in mammalian epiWe initially determined that RNAi of cdc-42 caused emthelial cells, PAR-6 homologs bind to activated forms of bryonic lethality, and that both the earliest detectable defect and the terminal phenotype became progressively the Rho GTPases Cdc42 and Rac, promoting a PKC- Establishment of C. elegans embryonic polarity. (a) Cytological events in the zygote that precede first cleavage. After the completion of Pseudocleavage and first cleavage in wild-type and cdc-42(RNAi) meiosis, the maternal pronucleus migrates to the paternal pronucleus embryos. DIC photomicrographs of wild-type (a,c,e,g) and cdcin the posterior (right arrow). Both pronuclei then migrate to a central 42(RNAi) (b,d,f,h) embryos at maximum pseudocleavage (a,b), position before fusion and spindle assembly (left arrow). Cytoplasmic pronuclear meeting (c,d), spindle elongation (e,f), and after first flow (white arrowheads) and cortical contractions that culminate in a cleavage (g,h). In N2 embryos, pseudocleavage extends between pseudocleavage are also visible during this time. (b) PAR protein 25%-41% of the egg width at 49% Ϯ 2 egg lengths (n ϭ 8; [a]), localization, cleavage position, and spindle orientation in wild-type while cdc-42(RNAi) significantly inhibits pseudocleavage (range: and par-2 and par-3 mutants. In the wild-type one-cell embryo, cortical 0%-18% of egg width at 44% Ϯ 17 egg lengths, n ϭ 9; [b]). The PAR-3 (blue) is localized to the anterior, and cortical PAR-2 (red) maternal pronucleus migrates normally to meet the paternal pronucleus is localized to the posterior. The first spindle is positioned slightly to in the posterior (c,d), however. In wild type, the pronuclei meet at 68% Ϯ the posterior, resulting in an asymmetric cleavage. In the two-cell 4 egg lengths (n ϭ 9) and in cdc-42(RNAi) embryos, they meet at embryo, PAR-3 is localized all around the larger anterior cell and to 65% Ϯ 8 egg lengths (n ϭ 14). As the mitotic spindle elongates the anterior cortex of the smaller posterior cell, restricting PAR-2 to the in N2, the position of the anterior centrosome remains fixed while the posterior cortex. In par-2 and par-3 mutants, the first spindle remains posterior centrosome assumes a final position near the cell cortex in the center, resulting in a symmetrical cleavage. In par-2 mutants, (e) to produce an asymmetric first division (g). The anterior centrosome cortical PAR-3 is localized all around the zygote and both blastomeres tended to move in cdc-42(RNAi) embryos (n ϭ 8/22; [f]), although at the two-cell stage. In par-3 mutants, cortical PAR-2 is localized the asymmetry of first cleavage (h) was not significantly perturbed by all around the zygote and both blastomeres at the two-cell stage.
cdc-42(RNAi) ( Table 1 ). The scale bar represents 10 m. Spindle orientation correlates with PAR-3 localization at the twocell stage in wild-type and par-2 and par-3 mutants. In the wild-type posterior blastomere and in par-3 mutants, the nuclear-centrosome complex rotates (arrows) and the spindle assembles longitudinally. In characterize the role of cdc-42 in the establishment or the wild-type anterior blastomere and in par-2 mutants, the maintenance of embryonic polarity, we observed the de- after injection; these embryos were not osmotically sensitive, and consistently showed embryonic polarity defects (hereafter referred to as cdc-42(RNAi) embryos). more severe following injection (see Supplementary maEmbryonic polarity is established in the zygote [1] . Wildterial published with this article on the Internet). By 36 hr, type zygotes undergo dramatic cytoplasmic and cortical most injected adults had become nearly sterile, producing movements that culminate in a temporary pseudocleavage only a few osmotically sensitive embryos that often failed as the maternal pronucleus is migrating to meet the paternal pronucleus in the posterior (Figure 2a) . In cdcto complete cytokinesis (see Supplementary material). To Table 1 Phenotypes of two-cell par; cdc-42(RNAi) double mutant embryos.
a Blastomere area was calculated as described in Materials and embryos had both cells divide parallel to the original axis of polarity methods.
in both cells, while both cells in transverse embryos divided b The time between division between the two daughter cells is shown perpendicular to that axis. Spindles of orthogonal embryos also in seconds.
divided transverse to the original axis of polarity, but not in the c Spindle orientations were scored as wild type if the anterior cell same plane. divided transverse to the axis of polarity and the posterior cell d n: number of embryos divided parallel to that axis. Reversed embryos had spindles oriented e nd: not determined in an opposite manner to those described as wild type. Longitudinal 42(RNAi) embryos, we observed abnormal cortical conTo determine how cdc-42(RNAi) affects embryonic polarity, we then scored cell size, cell cycle time, and spindle tractions that often resulted in extreme blebbing of the plasma membrane and a reduced or absent pseudocleavorientations in two-cell embryos. In wild-type two-cell embryos, the larger anterior blastomere divides first and age ( Figure 2b ). As in wild type, the pronuclei met in the posterior (Figure 2c,d) . The pronuclear-centrosome transverses to the long axis of the embryo, while in the smaller posterior blastomere, the nuclear-centrosome complex then migrates to the center of the embryo, the pronuclei fuse, and the mitotic spindle assembles and complex rotates 90 degrees to align the subsequent spindle along the A-P embryonic axis (Figures 1 and 3a) . This elongates along the A-P axis. In wild type, the anterior centrosome remains fixed, while the posterior centrosome is in contrast to most par mutant embryos, in which the zygote divides symmetrically to produce two similarly swings back and forth, assuming a final position nearer to the cell cortex than the anterior centrosome (Figure sized cells that then divide synchronously with misoriented spindles ( Figure 3) [15]. In cdc-42(RNAi) embryos, 2e), resulting in an asymmetric cleavage ( Figure 2g ). In cdc-42(RNAi) embryos, both the anterior and posterior the cell cycle times of the two blastomeres were more similar than in wild type, but not as similar as in par centrosomes were observed to swing as the entire spindle appeared to roam the cytoplasm (Figure 2f ). Despite these mutants ( Table 1 ). The effect of cdc-42(RNAi) on spindle orientation in two-cell stage blastomeres, however, was unusual movements, first cleavage in cdc-42(RNAi) embryos is asymmetric, although less so than wild type when both more dramatic and more variable than the effect of the par mutations. In cdc-42(RNAi) embryos, abnormal judged by the positioning of the spindle, the positioning of the cleavage furrow, and the resulting cell sizes (Figure spindle orientations were observed in both the anterior and posterior blastomeres ( Figure 3b ; Table 1 ). The ob2h; Table 1 ). These observations indicate that cdc-42(RNAi) disrupts the establishment of embryonic polarity.
served variability is unlikely to reflect worm-to-worm vari- mentous actin. Using these methods, we failed to detect gross changes in cortical filamentous actin localization in 55 one-to eight-cell embryos (26 immunostained embryos and 29 phalloidin-treated embryos), while four others showed reduced or absent actin staining, most likely caused by poor fixation. Although subtle modifications of the cytoskeleton that would not be detected by these methods may be disrupted in cdc-42(RNAi) embryos, we can conclude that the effects of cdc-42(RNAi) are likely mediated by events other than the gross disruption of cortical actin localization.
cdc-42(RNAi) disrupts PAR-3 and PAR-6 localization
Recent analyses in mammalian cells show that activated Cdc42 forms a complex with homologs of the C. elegans PAR-3, PAR-6, and PKC-3 proteins [7] [8] [9] . In C. elegans, mutation or RNAi of these three genes causes similar polarity defects, including the disruption of spindle orientation in two-cell embryos [15, 18, 19] . To determine whether the activity of this complex is required for the cdc-42(RNAi) polarity phenotypes, we scored spindle orientation in par-3; cdc-42(RNAi) two-cell embryos in which Table 1 ).
to the A-P axis while the posterior blastomere divides longitudinally at the three-cell stage as shown. versely, while PAR-3 is restricted to the anterior cortex of the posterior cell, which divides longitudinally ( Figures  1b and 4a) . In cdc-42(RNAi) one-cell embryos, PAR-3 was ation in RNAi effectiveness, because variable spindle orioften localized as in wild type, but was also observed to entations were observed among sibling embryos in 10 of be uniform, scattered throughout the cortex, just lateral 13 animals that produced multiple scored embryos. The or just posterior. In two-cell cdc-42(RNAi) embryos, PAR-3 independent effect of cdc-42(RNAi) on spindle orientation was variable and often detected in cortical patches. Imporin each blastomere is distinct from the loss of polarity tantly, the A-P distribution of PAR-3 between the blastoinformation characteristic of the par mutants that cause meres was variable; patches of PAR-3 cortical staining one blastomere to be more similar to the other. These could favor either end of the embryo, be scattered observations suggest that cdc-42 activity is required for throughout the entire circumference of both blastomeres, the asymmetric distribution of polarity information.
or be concentrated between cells (Figure 4d ). In wildtype embryos, PAR-3 colocalizes with PAR-6, and in cdc-42(RNAi) does not grossly disrupt actin localization mammalian cells, activated Cdc42 binds PAR-6 homologs. In yeast and cultured mammalian cells, Cdc42 directly Therefore, we asked whether cdc-42(RNAi) similarly disor indirectly regulates subcellular actin localization, and rupted the cortical patterning of PAR-6. We stained wilddisrupting actin assembly in C. elegans can disrupt embrytype and cdc-42(RNAi) embryos with an anti-PAR-6 antionic polarity [16, 17] . To determine whether cdc-42 (RNAi) body and observed patchy PAR-6 localization around the disrupts embryonic polarity simply by disrupting actin cortex of blastomeres in the cdc-42(RNAi) zygotes and organization in the early embryo, we examined cortical early embryos (Figure 4h,i) . cdc-42 is therefore required actin localization in early cdc-42(RNAi) embryos by immuto pattern the localization of both components of this conserved complex. nofluorescence to actin and by phalloidin binding to fila- with the A-P axis (3/6), or as in wild type (1/ patches of PAR-6 staining were detected at cell, without regressing to the posterior as in 6). In contrast to wild type, both PAR-3 and the cortex of both cells (9/11), or PAR-6 was wild type (8/21). PAR-2::GFP was also PAR-2::GFP were detected in overlapping localized as in wild type (2/11). Additionally, detected as in wild type (2/21), in a reverse domains in two-cell embryos (11/12) . (g) In we observed patchy PAR-6 localization pattern (1/21), or only between cells (1/21).
par-2(it5); cdc-42(RNAi) two-cell embryos, around the cortex of cdc-42(RNAi) zygotes (f) Merged image of (d) and (e) showing PAR-3 was detected at the cortex of the (7/13; 6/13 had anterior PAR-6 cortical overlap in the localization of these two anterior cell and at the anterior periphery of localization).
In wild type, the cortical localization of the PAR-3/PAR-6 in par-2(it5); cdc-42(RNAi) double mutants. We first followed the localization of a PAR-2::GFP protein fusion in complex correlates with the inhibition of spindle rotation;
wild-type and cdc-42(RNAi) early embryos. PAR-2::GFP blastomeres with PAR-3 all around the cortex have translocalization in wild-type embryos mirrors that reported verse spindles, while blastomeres either lacking or with for immunolocalization of PAR-2 [4] . PAR-2::GFP was asymmetrically localized cortical PAR-3 have longitudinal uniformly associated with the cortex after fertilization, spindles [3, 15] . Interestingly, in 26 cdc-42(RNAi) two-cell but then became asymmetrically distributed from the posembryos costained with an anti-PAR-3 antibody to detect terior of the embryo to the cytokinetic furrow [4, 21] . PARthe complex and with an anti-tubulin antibody to deter-2::GFP ultimately surrounded the newly formed posterior mine spindle orientations, we failed to note a significant cell only to again recede to the posterior as the cell cycle correlation between PAR-3 localization or levels and spinproceeded (Figure 4b ). In cdc-42(RNAi) zygotes, PARdle orientation. Among the 17 embryos in which PAR-3 2::GFP localization was initially uniform around the cortex was mislocalized, spindle orientation correlated in only of the cell; but, unlike in wild type, it did not become seven embryos. This indicates that when cdc-42 activity confined to the posterior cortex (11/13). Following cell is reduced, PAR-3 localization is not sufficient to inhibit division, PAR-2::GFP was initially detected on the postenuclear-centrosome rotation.
rior and lateral sides of the anterior cell and could be detected in variable patches at the cortex of this cell cdc-42 and par-2 act independently to affect PAR-3 localization throughout the next division (11/21). In the posterior cell, PAR-3 localization to the anterior cortex depends on muthe localization of PAR-2::GFP did not become confined tual antagonistic interactions with PAR-2, a RING finger to the posterior cortex as it does in wild type (19/21; domain protein that localizes to an adjacent nonoverlap- Figure 4e ). We confirmed these PAR-2::GFP localization ping posterior cortical domain (Figure 1) The clearest morphological affect on embryonic polarity each other (Figure 4d-f . Here, the variability allowed us to score functional relationships belocalized as in wild type (10/14 two-cell embryos; Figure  4g ). In addition, early cell cycle times and cleavage orientween cdc-42 and the pars. par-3(ϩ) was required to inhibit nuclear-centrosome rotation in cdc-42(RNAi) embryos, tations in these double mutant embryos were often restored to normal (Figure 3d ; material) . These results must be interpreted cautiously, considering that neither late with the inhibition of nuclear-centrosome rotation in these embryos, suggesting that PAR-3 levels and/or the cdc-42(RNAi) or the par-2(it5) allele is likely to eliminate gene function; however, they do suggest that cdc-42 consubcellular location of PAR-3 may be important for this function. Alternatively, cdc-42(ϩ) may be required for trol of embryonic polarity is mediated by its interaction with the pars. We can conclude, however, that the activipar-3 function, or may act independently of PAR-3 to control nuclear-centrosome rotation. It is also possible ties of PAR-2 and CDC-42 antagonize each other in the control of PAR-3 cortical patterning.
that the colocalization of PAR-2 with PAR-3 interferes with this PAR-3 function.
Discussion
We have described the polarity defects in one-and twoPrevious observations suggest that mutual antagonistic interactions between PAR-2 and PAR-3 contribute to emcell cdc-42(RNAi) embryos. Our analyses indicate that cdc-42 is required for the asymmetric cortical localization of bryonic patterning [3, 4, 25] . Superficially, cdc-42(ϩ) appears to be required for this interaction, given that in the anterior complex proteins PAR-3 and PAR-6 and the posterior cortical protein PAR-2. Furthermore, in cdccdc-42(RNAi) embryos, the PAR-2 and PAR-3 domains overlap. Nevertheless, since reducing par-2 function in 42(RNAi) embryos, PAR-3 inappropriately colocalizes with PAR-2, and its localization no longer correlates with cdc-42(RNAi) embryos largely restored PAR-3 localization to a wild-type pattern, par-2(ϩ) must disrupt PAR-3 localthe inhibition of centrosome rotation. Finally, cdc-42 and par-2 appear to act independently to affect PAR-3 cortical ization in cdc-42(RNAi) embryos. Likewise, reducing cdc-42 function in par-2 embryos restored normal PAR-3 patlocalization. These results, coupled with the recent biochemical characterization of the interaction between terning, indicating that cdc-42(ϩ) stimulates cortical PAR-3 localization in par-2 mutants. As reducing or elimimammalian Cdc42 and PAR-6 homologs [7] [8] [9] , suggest that cdc-42 function is required for par-3 activity and/or nating these activities in parallel did not greatly disturb the PAR-3 localization pattern, it seems likely that the to localize PAR-3.
spatial coordination of their opposing activities functions
The role of cdc-42 in establishing embryonic polarity to ensure a sharp boundary of PAR-3 along the A-P axis. The polarity phenotypes in cdc-42(RNAi) embryos are similar to the phenotypes that are caused by disrupting actin
The mutual suppression between cdc-42(RNAi) and par-2 could be interpreted in several ways. cdc-42(RNAi) supdynamics during the first cell cycle [20, 21] . Although we failed to detect gross alterations in actin cortical localizapression of par-2 may be mechanistically similar to the suppression of par-2 by par-6 heterozygosity. Specifically, tion in cdc-42(RNAi) embryos, it is possible that cdc-42(RNAi) may disrupt more refined modifications of the par-2(it5); par-6/ϩ hermaphrodites produce many viable progeny. It was proposed that wild-type par-2 may only cytoskeleton. Similarly, expression of dominant-negative or active Cdc42 in MDCK epithelial cells does not cause be required to inhibit posterior PAR-3 localization when cortical PAR-3 levels are high [18] . Given that PAR-3 is bryos. If so, then the A-P localization of GTP-bound CDC-42 (activated) could provide the primary cue for the still present at higher levels anteriorly than posteriorly A-P localization of the PAR proteins. in par-2 mutant zygotes, any perturbation that reduces cortical PAR-3 levels may be sufficient to reestablish a 
binding (CRIB) motif that when bound to activated Cdc42
Observing early embryo development stimulates the interactions between PAR-6 and both PAR-3
Early embryos, obtained by cutting adult hermaphrodites in either water, and PKC-3 [7] [8] [9] . Thus, PAR-6 appears to be either a 0.3 M sucrose, or egg salts buffer [28] , were transferred to a polydirect regulator of, or effector for, Cdc42 activity. We L-lysine-coated coverslip and overturned on a slide supported by two have shown that in C. elegans, cdc-42(RNAi) disrupts the additional coverslips. This method does not apply pressure to the embryos, which is known to affect spindle orientation [29] . When scoring asymmetric cortical localization of PAR-6. Because the polarity defects, similar results were obtained in all culture media. Early localization of both PAR-3 and PAR-6 appear patchy in development was followed directly using differential interference contrast cdc-42(RNAi) embryos, we suggest that in C. elegans, CDC-(DIC) optics on a Zeiss Axiophot microscope. The development of wild-42 acts as a membrane-associated protein that is important type, mutant, and RNAi embryos was observed at 22ЊC, except any par-2(it5) embryos, which were observed at 25ЊC. All relative measurements for the assembly of the cortical PAR complex. In addition,
were determined from digitized images using NIH image software.
the assembly or maintenance of this complex may be important for the segregation of PAR-2 and PAR-3 to RNAs were diluted to 1 g/l in injection buffer [14] and injected into the intestine or gonad of young adult hermaphrodites, which yielded cortical patterning of PAR-3. In mammalian cells, actisimilar results [31] . For injections of multiple RNAs, each RNA was vated Cdc42 interacts with PAR-6 [7] [8] [9] , suggesting that diluted to a concentration of 1 g/l in a common mix. Individual dilutions the genetic interactions in C. elegans may reflect a conof the stock RNA were then injected separately to confirm the activity served interaction between the PAR-3/PAR-6 polarityof the dsRNA. A few initial experiments used only antisense RNA injected at a concentration of 0.3 g/l. Injected animals were rescued at 22Њ promoting complex and Cdc42. Such an association apin rescue buffer and then grown at 25Њ for 24-30 hr.
pears to simultaneously provide the missing links between these known mediators of cellular polarity; that is, identi-
The cdc-42 cDNA clone yk109f2, which corresponds to the sequence of fying both a regulator of the PARs and effectors for Cdc42. Embryos were stained with PAR-2 [4] , PAR-3 [3] , and PAR-6 [26, 32] that Cdc42 can provide a primary localization cue for antibodies as previously described with the following modification: the PAR-3 [8] . It would be interesting to determine whether animals were transferred to poly-L-lysine-coated slides and cut with a scalpel in water or 0.3 M sucrose to release the embryos. Embryos were activated CDC-42 has a similar ability in C. elegans em- 
